Breast physical phantoms are a basic tool for the assessment and verification of performance standards in daily clinical practice of x-ray breast imaging modalities. They are also invaluable in testing and evaluation of new x-ray breast modalities to be potentially established, e.g. breast computed tomography, dual-energy breast CT and phase-contrast mammography and tomography. Nowadays, there is a lack or there are only a limited number of breast physical phantoms available for this purpose.
A c c e p t e d M a n u s c r i p t 2 Abstract:
Breast physical phantoms are a basic tool for the assessment and verification of performance standards in daily clinical practice of x-ray breast imaging modalities. They are also invaluable in testing and evaluation of new x-ray breast modalities to be potentially established, e.g. breast computed tomography, dual-energy breast CT and phase-contrast mammography and tomography. Nowadays, there is a lack or there are only a limited number of breast physical phantoms available for this purpose.
The aim of this study is to explore a range of 3D printing materials such as resins, PLA, ABS, Nylon etc., to determine their attenuation and refractive properties, and to finally compare them to the properties of the breast tissues: adipose, glandular and skin.
To achieve this goal, step-wedge phantoms were computationally modeled and then manufactured using stereolithographic and fused-deposition modeling technologies. X-ray images of the phantoms were acquired, using monochromatic beam at ID17, ESRF, Grenoble for three energies -30 keV, 45 keV and 60 keV.
Experimental data were further processed to obtain the linear attenuation coefficients of these materials.
Comparison with theoretical data for the linear attenuation coefficients and the refractive indexes for breast tissues was performed.
From the studied materials, most of the resins, Nylon, Hybrid, PET-G show absorption properties close to the glandular tissue, while ABS shows absorption characteristics close to these of the adipose tissue. For phase-contrast imaging, it turns out that the ABS combined with resin-based materials to represent the adipose and glandular tissues, respectively may be a good combination for manufacturing of a phantom suitable for these studies.
These results can be used for the design and the construction of a new physical anthropomorphic phantom of the breast with improved anatomical and radiological characteristics dedicated for advanced mammography imaging techniques implemented at higher photon energies.
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I. Introduction
In breast imaging, physical breast phantoms are a basic tool used to assess imaging performance of x-ray breast imaging systems and to evaluate the entrance air kerma or absorbed dose and their conversion to mean glandular dose. Another application of such phantoms is in testing, evaluation and clarification of the role and the benefits of new x-ray modalities in comparative studies to actual daily routine. Breast tomosynthesis (Sechopoulos 2013) , contrast-enhanced mammography (Francescone et al. 2014; Daniaux et al. 2015) as well as new imaging modalities to be potentially established like breast computed tomography (BCT) (Lindfors et al. 2008; Mettivier and Russo 2011; Kalender et al. 2012; Sarno et al. 2015) , dual-energy breast CT (Badr et al. 2014 ) and phase-contrast breast imaging (Bravin et al. 2013; Auweter et al. 2014; Sarno et al. 2017a) are being explored.
Most physical breast phantoms (as opposed to digital phantoms, (Mettivier et al. 2017) ) have a homogeneous background with inserted test objects approximating lesions. These phantoms are not used for routine quality assurance procedures nowadays and this explains the limited number of physical breast phantoms commercially available. For research purposes, many of the existing phantoms should be developed to a next degree of sophistication. A complete review of physical phantoms used in mammography is available from Tomal et al (Tomal 2014 ).
The most used materials for the production of such phantoms are resins and polymethyl methacrylate (PMMA), the later not being a printing material. Among the commercially available physical anthropomorphic phantoms, one can mention the "Rachel" anthropomorphic breast phantom, Gammex 169 and the BR3D breast imaging phantom model 020 as well as the BR3D and the CIRS 073 (http://www.cirsinc.com/). The Rachel phantom is limited to a use in planar x-ray imaging and currently not available commercially, while the BR3D is manufactured specifically for breast tomosynthesis (Sarno et al. 2017b ). The multi-modality breast biopsy and sonographic trainer CIRS 073 mimics the heterogeneous appearance of breast tissue under various breast imaging modalities, and has cystic and dense lesions embedded within the breast background. However, these phantoms though, do not reflect a realistic breast tissue anatomy.
Anthropomorphic physical three-dimensional (3D) phantoms are needed and expected to produce a realistic tissue background patterns in the images, important for the investigation of the detectability of lesions, performance of image processing algorithms, reconstruction algorithms or applications such as synthetic twodimensional (2D) images that capture important features of 3D stacks. More recently, Ikejimba et al (Ikejimba et al. 2017 ) reported a method for the creation of realistic, inexpensive physical anthropomorphic phantoms dedicated to use in full field digital mammography and digital breast tomosynthesis. The method is based on a virtual model, materialised in a slice-by-slice process through inkjet printing, using parchment paper and a radiopaque ink containing 33% (I33%) or 25% (I25%) iohexol by volume. Although the proposed method is relatively inexpensive, we believe the future belongs to 3D printing technologies. Amongst the initially Page 3 of 21 AUTHOR SUBMITTED MANUSCRIPT -PMB-107133. R2   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 4 developed physical phantoms for research purposes are phantoms developed from 3D software models of breast (Carton et al. 2011; Bliznakova et al. 2016) , or based on clinical patient data (Kiarashi et al. 2015) .
Manufacturing of such phantoms with 3D printers is challenging due to the limitations in the current printing technology, like manufacturing precision and the limited number of printing materials that can be applied simultaneously. The 3D printing is a time-consuming procedure, and it is also true that radiological characteristics of the printing materials have not been studied in details.
To print an anthropomorphic phantom, a digital (software) model is required, which may be obtained either from medical imaging techniques such as MRI, CT, PET or created by using a dedicated (CAD) software.
Once the software models are created, they are routinely converted to stereolithography (STL) files and printed with 3D printers. Such an approach has been followed by Winslow et al (Winslow et al. 2009 ) for the production of three different adult anthropomorphic phantoms from original segmented CT patient datasets.
In the field of x-ray breast imaging, few works have been focused on measurements of the attenuation coefficients of materials, which may be used in manufacturing of breast phantoms, by exploiting 3D printing.
It was found that for mammography energies (between 22 kV and 32 kV), acrylic-based photopolymers are suitable to mimic the properties of the glandular breast tissue (Carton et al. 2010) . To increase the linear attenuation coefficient of the photopolymer materials, they were doped with concentrations of the nanoscale TiO2 (Sikaria et al. 2016 ) and with calcium, iodine and zinc (Zhao et al. 2017) , and found that zinc-doping can potentially increase attenuation to 100% breast density and beyond. For the same photon energies, the xray properties of the materials used by stereolithographic 3D printers were found similar to these of the PMMA (Clark et al. 2016 ). Moreover, resins of different colors had very similar x-ray attenuation. For higher photon energies (80 kV and 120 kV), Dancewicz et al (Dancewicz et al. 2017) concluded that ABS printed samples with an infill density of 90% is a good approximation of adipose tissue, while photoluminescent PLA with infill density of 50% is suitable to reproduce the breast tissue.
Our long-term aim is the development of physical breast phantoms dedicated to studying x-ray imaging of the breast, including advanced techniques such as breast CT, phase-contrast and dual-energy imaging. These techniques are implemented at higher photon energies compared to the mammography x-ray imaging (Bisogni et al. 2007; Lindfors et al. 2008; Zhao et al. 2012; Sarno et al. 2016; Ghani et al. 2017; Ghani et al. 2018) . To successfully design and manufacture such phantoms the properties of the available printing materials need to be investigated. The aim of this study is to determine the radiological characteristics of common 3D printable plastic materials and investigate their suitability as tissue substitutes in physical breast phantoms for x-ray imaging. To the best of our knowledge, the presented work is the most complete in the field of printing materials for low cost 3D printers. 
II.A. Reference and studied materials
Normal breast tissue can be considered and described as mainly consisting of adipose, gland and skin tissues.
Hence, those tissues are used as reference in the current study. Table 1 give their elemental composition in terms of weight fraction, and the composition of several materials often used in the fabrication of breast physical phantoms as breast substitutes, as well as commonly used 3D printing materials. Alssabbagh et al. 2017 Breast tissue reference data (adipose, gland and skin) in terms of elemental composition were taken from Hammerstein et al (Hammerstein et al. 1979) . Sources of breast tissue data are also available by other authors (Johns and Yaffe 1987; Chen et al. 2010) but data from Hammerstein are based on the elemental composition which allows calculation of the attenuation coefficients for any x-ray energy. Data for PMMA, polyethylene, paraffin wax, polycarbonate and liquid water were taken from NIST database (Berger et al. 2010) , while these for BR12 from White et al (White et al. 1978) . Data for Nylon, PLA, ABS, PET-G were taken from Alssabbagh et al (Alssabbagh et al. 2017) .
The materials, evaluated in the current study are listed in Table 2 . Seventeen of them are used by the 3D printing technology. The selection of those materials was based on the fact that they are common, inexpensive and largely available on the market. A c c e p t e d M a n u s c r i p t 6 Gelatin -
Step-wedges used in the study: (a) step-wedge phantom design, (b) weight measure of the printed step-wedge phantom from a tough resin and (c) measuring the volume of the printed phantom.
Dimensions of the three step wedge phantoms.
Step wedge 1 S 2 4 6 20 25/35
Step wedge 2 M 5 10 15 20 25/35
Step wedge 3 L 20 30 40 20 25/35
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The size of each step area was made large enough in order to have high number of pixels on the x-ray projection images, necessary for averaging the calculations of the linear attenuation coefficients over the sample surface area. The unknown material density was determined experimentally -the weights of the samples were measured with the precise digital scale equipment (0.01g) (Figure 1b) , while the volumes were calculated using the Archimedes' principle (measuring the weight of the water, displaced from the sample Figure 1c ). The volume of the PVA, denoted by * in Table 2 was measured with a gauge, because the PVA material is soluble in water. The calculated density for each material is shown in Table 2 .
Well-known PMMA material in slabs of thickness of 1cm was included in the study for validation of the experimental procedure for determination of the linear attenuation coefficient of the materials. Finally, stepwedges from other three materials of interest (Paraffin and Double Silicon and Gelatin) were manufactured by using a casting technology.
II.B. Experimental set-up
The linear attenuation coefficients  of the investigated materials were determined from x-ray projection data acquired at the biomedical imaging beamline ID17, ESRF, Grenoble. The beam width and height, defined by a slit system placed in front of the sample, were 100 mm and 7 mm, correspondingly. The arrangement for this study is schematically shown in Figure 2a . Three photon energies of the incident beam -30 keV, 45 keV, and 60 keV being of interest for phase contrast breast imaging and breast CT were considered and used. The stability of the beam over the time was also taken into account in their selection. Due to the small beam height (7 mm), the maximum thickness of the sample (4 cm) and the large air gap of 11 m, the influence of the beam width and the scattered radiation on the data was calculated to be negligible (much less than 1%). The incident air kerma was set to values that guarantee good quality of images and low photon noise (1Gy per image). 
The incident exposure was monitored by a calibrated TW 31010 dosimetry chamber (PTW-Freiburg, Freiburg, Germany), placed horizontally at a distance of 7 m away from the detector surface.
II.C. Calculation and evaluation of μ and δ
The procedure for calculating the linear attenuation coefficients μ based on experimental measurements of the investigated materials was adapted from Heine and Behera 2006 (Heine and Behera 2006) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The reference data for the monochromatic linear attenuation coefficients were derived from the online version of the XCOM database (Berger et al. 2010 ) using the elemental composition from Table 1 .
In order to validate the linear attenuation coefficients from measurements at ESRF and to calculate the refractive index decrement elemental composition analysis of selected (in regards to their absorption properties to the reference breast tissues) materials was performed using the elemental analyzer EURO EA3000, CHNSO.
The complex refractive index of the material is given by (Born and Wolf 1980) :
where the absorption coefficient  is:
h is the Planck constant, and c is the speed of the light. The energy-dependent refractive index decrement (E) can be calculated as: A c c e p t e d M a n u s c r i p t 10 where re is the classical electron radius, and ρe is the electron density of the material. In this study, the refractive index decrement  is calculated from equation 4, by using the XRAYImagingSimulator (Bliznakova et al. 2016 ).
The relative difference between the linear attenuation coefficients of any two materials ( , ) is computed as:
Similarly, the relative difference between  of the same two materials is computed as:
In a physical breast phantom, the distribution of adipose, glandular and skin tissues is preliminary determined by its model. To appear more realistic in its x-ray projection images, i.e. to reproduce not only the anatomical structures but also the contrast similar to the one of a real breast, the linear attenuation coefficients of the materials used as tissue substitutes should reflect those of the real tissues.
In order to find three materials with linear attenuation coefficients relating to each other as those of adipose, gland and skin, we generated all possible ordered combinations of three materials, i.e. triplets ( , , ) out of the 21 studied materials (and water) and compared them to a reference triplet of breast tissues (  ,  ,  ) . To estimate the degree of similarity between the triplets of materials ( , , ) and the reference ones ( , , ), the square errors and  were calculated and used:
The whole study for estimating the linear attenuation and the refractive decrement index for the selected materials included: (a) validation of the experimental data for the linear attenuation coefficients by comparing the estimated value for PMMA to the corresponding known one; (b) computing of the linear attenuation coefficients of all studied materials and comparing them to the ones of adipose, glandular and skin tissues; 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 11 III. Results and discussion
III.A. Validation of the experimental procedure for determining µ
The linear attenuation coefficient for the PMMA derived from NIST database (noted as PMMA_NIST), the one also from NIST database but based on the chemical analysis of the used sample (noted as PMMA_LAB), and the experimentally determined one (PMMA), as outlined in Figure 4a , are plotted in Figure 5 . An overall excellent coincidence between measured and calculated linear attenuation coefficients for the PMMA is observed for the three incident energies. The calculated maximum relative difference between measured (PMMA) and calculated from the elemental analysis coefficients (PMMA_LAB) was 1.9% for 45 keV, which confidently confirms the consistency of the approach for estimating the linear attenuation coefficients of the investigated materials. In the same time, the observed difference between PMMA_NIST and PMMA_LAB is less than 2.3% for 30 keV.
III.B. Evaluating of the experimental data for µ
The linear attenuation coefficients of all studied and reference materials for the three energies are summarized in Table A (in the Appendix part). The uncertainties in the computed from measured composition values are in the range (4 -6) x 10 -5 and are not reflected in the table. As seen, the linear attenuation coefficients for all materials, except the brick and the double silicon, are within the range of the linear attenuation coefficients of the three breast tissues -adipose, gland and skin. This suggests that these materials may be a suitable choice for manufacturing the main parts of the breast phantoms. Figure 6 shows the relative difference of linear attenuation coefficients μ of the materials with respect to the one of the glandular tissue. Brick and double silicon were excluded from these comparisons for the reasons mentioned above. The results reveal that the studied resins, all used with stereolithography printing technology, have similar linear attenuation coefficients (|diff| < 10%) compared to the ones of the glandular tissue. In addition, PVA, Hybrid and PET-G, which are used with FDM printing technology, have also attenuation properties close to the properties of the glandular tissue (also |diff| < 10%). Therefore, these between water and gland were also reported by Poletti et al. (Poletti et al. 2002) . From these two materials,
Gelatin is not temperature stable at room temperature conditions and therefore not preferable material for preparing physical rigid phantoms. Nylon and PVA are both hygroscopic materials, which causes difficulties (i.e. weaker adhesion to the base) during the printing process of the object. Printing and obtaining high-quality solid objects from the resin-based materials turns out to be the best choice for printing glandular tissue. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 13 Similarly to Figure 6, Figure 7 shows the relative difference of linear attenuation coefficients for the materials with respect to the adipose tissue. As seen from this figure, the ABS material has the closest attenuation coefficient to these of the adipose tissue (especially for 45 keV). Specifically, the absolute value for |diff| calculated for ABS is less than 1.7% and 2.2% for 45 keV and 30 keV, respectively.
The calculated difference in  with respect to the skin tissue for the studied energies is shown Figure 8 . Here, the resins, Hybrid, PET-G and PVA turn out to be suitable for reproducing the breast skin, especially for energies of 45 keV and 60 keV. In detail, the maximum |diff| for 30 keV for these materials is between 10% and 13%, while for 45 keV and 60 keV the maximum |diff| is less than 4%. From these materials, the most suitable ones for representing skin at 30keV are Gelatin and Water, with |diff| less than 4.2%. However, due to reasons mentioned above, these materials are not preferable for the production of solid-based physical phantoms. Alternative materials are all types of resins. The Clear resin is found to be the choice to represent the skin at 45 keV (|diff| = 0.13%), while at 60 keV the most suitable material turns out to be the Hybrid material (|diff| = 0.37%). As expected, the attenuation coefficients are energy-dependent. Creating phantoms for specific energy or narrow energy range may turn to be the right choice in constructing phantoms. For instance, the results in Figure 6 to Figure 8 reveal that a physical breast phantom for 45 keV may be possible to be manufactured from ABS, Flex and Clear, which correspond to adipose, glandular, and skin tissues. Table 3 lists ten choices for suitable substitute materials ranked in order of the square error (equation 7) for each tissue type and three energies:
Page 13 of 21 AUTHOR SUBMITTED MANUSCRIPT -PMB-107133. R2   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Table 3 . Suitable materials (in respect to their attenuation properties) for printing breast tissue phantoms The attenuation coefficients of the studied materials depend on the energy, as observed from Table 3 and supporting the observation shown in Figure 6 to Figure 8 . In order to have realistic contrast, the materials should be selected according to the incident x-ray energy. However, it may be summarized that the resinsbased materials, the Nylon, Hybrid and PET-G appear to be most suitable materials to represent both the glandular and skin breast tissues, while ABS represents well the adipose tissue. The decrease in the square error (SE) in Table 3 reveals that the increase of the energy results in high degree of similarity between the linear attenuation coefficients, as expected (Byng et al. 1998) .
III.C. Calculated data for 
To compute delta, the elemental composition of material is needed. The presence of basic elements has been determined by the means of elemental analysis for 7 selected materials: the resins Clear, Flex, and Gray as Page 14 of 21 AUTHOR SUBMITTED MANUSCRIPT -PMB-107133. R2   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 15 well as PLA, Nylon, PET-G and ABS materials used with the FDM. Their choice was justified mainly based on practical reasons for their eventual use as tissue substitutes, as discussed above. Obtained results (Table   4 ) allowed computing of the refractive decrement index of the materials, which were next compared to those of the reference tissues. The elemental composition of the PMМA, obtained in the same way as for the other materials is also included as a control measurement. The refractive decrement index δ was calculated for the selected printing materials (from Table 4 ) and resulting values are given in Table 5 . Reference data for water, PMMA, glandular, adipose tissue and skin are listed in the table, as well. Results show that the  values of the materials selected to represent the breast tissues for the absorption imaging are higher than the reference  values for the skin, adipose and gland tissues. Table 4 ** compositions are defined in Table 1 Figure 9 shows the relative difference of the refractive decrement index δ for the selected materials with respect to δ of glandular, adipose and skin tissue. As seen from this figure the relative difference, diff, is energy independent. The results also reveal that materials selected for absorption imaging present different refractive indexes, which are not pertinent for the gland, adipose and skin tissue. As for the linear attenuation coefficients (Table   3) , we generated all possible ordered triplets out of the studied materials and compared them to the reference triplet of breast tissues. Ten choices for suitable substitute materials are listed in Table 6 , ranked according to the square error  (equation 8): Table 6 . Suitable materials (in respect to their refractive properties) for printing breast tissue phantoms As seen from Table 6 and from the results shown in Figure 9 , the resin-based materials are most suitable materials to represent the glandular tissue, while the water and ABS are suitable for mimicking the adipose tissue in terms of refractive index decrement. For instance, resin-based materials are suitable for manufacturing the skin and the glandular tissue, while the adipose tissue may be produced by ABS . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
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The linear attenuation coefficients were obtained via measurements and validated against calculated data, knowing the elemental composition of the materials. This experimental setup however imposed limitations in respect to inability to precisely measure the refractive decrement index δ. For instance, for PMMA, a differences of 35% is observed between δ calculated for the composition available from NIST and δ obtained from measurements at ESRF. A new experimental approach on synchrotron facility will be studied to precisely measure the δ values of the materials.
This study identified the possible materials to be used for manufacturing the different structures of a breast physical phantom. The results will be employed in the development of a prototype of anthropomorphic physical breast phantom, based on a computational one developed with the BreastSimulator (Bliznakova et al. 2010; Bliznakova et al. 2012) . This study showed that adipose may be printed with ABS and used to fill a breast shape from Clear or Hybrid material, and have the glandular tissue printed from Flex resin.
The obtained results may be applicable for lower energies and thus for applications involving planar mammography. Currently, an experimental study is under preparation for defining the attenuation coefficients of the studied materials at lower (<30 keV) energies. While measurements at clinical mammography units are already running, the corresponding ones at synchrotron radiation beamlines are only planned.
Monoenergetic synchrotron radiation beams will be used to evaluate these coefficients accurately.
Another study we are performing in parallel is the comparison of simulated mammography images of 3D breast phantoms -prepared from the most suitable tissue-equivalent materials defined in this study -with those obtained when the same phantoms are composed of glandular, adipose and skin breast tissues, also in comparison with patient mammography images . The detailed analysis of these images -including evaluation of contrast, fractal dimensions, power spectrum and model observer analysis, etc. -between the projected materials used for breast tissues and the actual ones will further contribute to determine the applicability of these materials for phantoms design.
IV. Conclusions
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